abstract: Across different taxa, networks of mutualistic or antagonistic interactions show consistent architecture. Most networks are modular, with modules being distinct species subsets connected mainly with each other and having few connections to other modules. We investigate the phylogenetic relatedness of species within modules and whether a phylogenetic signal is detectable in the within-and among-module connectivity of species using 27 mammal-flea networks from the Palaearctic. In the 24 networks that were modular, closely related hosts co-occurred in the same module more often than expected by chance; in contrast, this was rarely the case for parasites. The within-and among-module connectivity of the same host or parasite species varied geographically. However, among-module but not within-module connectivity of host and parasites was somewhat phylogenetically constrained. These findings suggest that the establishment of host-parasite networks results from the interplay between phylogenetic influences acting mostly on hosts and local factors acting on parasites, to create an asymmetrically constrained pattern of geographic variation in modular structure. Modularity in host-parasite networks seems to result from the shared evolutionary history of hosts and by trait convergence among unrelated parasites. This suggests profound differences between hosts and parasites in the establishment and functioning of bipartite antagonistic networks.
Introduction
In any ecosystem, species interact with each other in a variety of ways ranging from mutualism (e.g., plant-pollinator interactions) to antagonism (e.g., predator-prey or host-parasite interactions). Recently, these sets of interactions have been visualized as distinct natural entities called interaction networks, in which species are "nodes" connected to each other by "links" if they interact (see review in Dunne 2006; Montoya et al. 2006; Bascompte and Jordano 2007) . There has been a huge increase in the number of studies of interaction networks during the last decade (e.g., Vázquez et al. 2005; Bascompte et al. 2006; Fortuna and Bascompte 2006; Burgos et al. 2007 ), although pioneering studies date back to the 1970s-1990s (May 1973; Hirata and Ulanovicz 1984, 1985; Paine 1992; Cohen 1994) .
Despite sharp differences in the nature and topology of species interactions among ecological networks (e.g., mutualistic vs. antagonistic, and unipartite vs. bipartite), consistent patterns in network architecture have been revealed. For example, Kondoh et al. (2010) demonstrated that a nested structure characterizes both mutualistic networks and bipartite subwebs composing food webs. Furthermore, the number of interactions in any network varies among its component species with the majority of species having a few links only, while a minority of species interact with many other species (Jordano et al. 2003; Vázquez et al. 2005 Vázquez et al. , 2007 Fortuna et al. 2010 ). In addition, many ecological networks appear to be modular (or compartmen-talized; Olesen et al. 2007; Dupont and Olesen 2009; Guimerà et al. 2010; Stouffer and Bascompte 2011) . In a modularly structured network, species from some distinct subsets (called modules) are connected mainly with each other, while they have much fewer connections to other species belonging to other modules. Modular structure has been found to be ubiquitous in both ecological and nonecological networks (Girvan and Newman 2002; Amaral and Ottino 2004; Guimerà and Amaral 2005a) .
The detection of modularity in numerous ecological networks (e.g., Olesen et al. 2007; Fortuna et al. 2010 ) has led to increasing interest in the species composition of modules. It has been shown that modules in food webs and mutualistic networks tend to be characterized by clusters of closely related species (Dupont and Olesen 2007; Mello et al. 2011) or species that converge on correlated sets of traits (Corbet 2000; Dicks et al. 2002) . The latter is defined as a syndrome and is associated with the utilization of a specific group of mutualists (e.g., pollinators; see Fenster et al. 2004 for review). Moreover, module composition can also represent a combination of phylogenetic clusters and groups of species converging toward a syndrome (Olesen et al. 2007; Rezende et al. 2009; Donatti et al. 2011) .
To the best of our knowledge, all studies of species composition of modules have been carried out for food webs and plant-animal mutualistic networks. In contrast, hostparasite networks have been neglected, although parasites represent a substantial portion of global biodiversity with 30%-50% of known animal species classified as parasites (Poulin and Morand 2004 ). Moreover, a high level of modularity with an important phylogenetic component in module composition have been predicted for host-parasite networks (mostly due to the high specificity of interactions) even before any empirical study of these networks using a modern approach (Levinsohn et al. 2006) . Later studies indeed revealed a high level of modularity in hostparasite networks (Fortuna et al. 2010) . However, the role of phylogeny in the module composition of host-parasite networks has never been studied. A strong phylogenetic component may be expected in host-parasite networks because phylogenetic closeness under the assumption of trait conservatism (Wiens et al. 2010) , reflects phenotypic similarity (e.g., Brooks and McLennan 1991) . As a result, certain lineages of parasites are more likely to exploit certain lineages of hosts so that a module might consist of closely related hosts and closely related parasites, although processes such as, for example, coevolutionary alternation may substantially change parasite preferences (Nuismer and Thompson 2006) . In contrast, no phylogenetic signal could suggest random module composition likely based on opportunism or dispersal limitation, whereas a negative phylogenetic signal (i.e., closely related parasites mainly exploit distantly related hosts) might suggest complementarity within modules.
The topological properties of a species in a network such as its connectivity with species in its own module and with species from other modules have been shown to be affected by biological traits such as its degree of specialization or dispersal abilities (Olesen et al. 2007; Carstensen and Olesen 2009) . In host-parasite networks, the number of links between a parasite species and its host species is determined by the parasite's host specificity (Poulin 2010) . Host specificity, in turn, has been shown to be a true parasite species attribute in that it varies significantly more among parasite species than among populations within parasite species. Further, host specificity is to a large extent phylogenetically constrained (Krasnov et al. 2004) , although in some taxa like fleas, this is true for some but not all biogeographic regions (Krasnov et al. 2011b) . Similarly, the number of parasite species exploiting a host species in the networks used in this study tends to vary less within (across their geographic range) than among host species . Consequently, the within-and among-module connectivity of a host or parasite species in a network is expected to be (a) a species-specific property, (b) phylogenetically constrained and, thus, (c) geographically invariant. However, the variation in topological properties of the same species in different networks across its geographic range has never been studied. It is still unclear whether the within-and/or among-module connectivity of a given species differ among the different networks where it occurs.
Here, we examined the importance of phylogeny in determining the composition of modules and species connectivity in bipartite host-parasite networks of small mammals and their flea parasites from 27 distinct geographic regions of the Palaearctic. We test the hypothesis that phylogeny constrains the structure of bipartite networks across space by determining the composition of modules and the connectivity of species. To achieve this, we ask whether modules in each network consist of phylogenetically related host or parasite species or, alternatively, whether species within the same module represent random phylogenetic lineages. A strong phylogenetic signal in the species composition of modules would indicate shared evolutionary history instead of trait convergence in unrelated species as a process generating modularity. We also ask whether the within-and/or among-module connectivity of a host or parasite species is phylogenetically constrained and, hence, whether it is the same in a given species across geographically different networks. To answer these questions, we measured the phylogenetic signal in species connectivity within and across networks. Then, we evaluated the internetwork variation in connectivity of each widely distributed species by testing whether within-and among-module connectivity are repeatable within host or parasite species, that is, are less variable within than among species.
In other words, we tested whether the values of connectivity are more similar among populations of the same species than among different species.
Methods

Networks
We used data from 27 published surveys carried out in different regions of the Palaearctic that reported parasite (fleas; Insecta: Siphonaptera) distribution on hosts (small mammals; Mammalia: Erinaceomorpha, Soricomorpha, Rodentia, and Lagomorpha; see appendix, available online). Fleas are hematophagous parasites that are most abundant and diverse on small mammals. Their life cycle is characterized by alternation between periods when they occur on the body of their hosts and periods when they occur in their hosts' burrows or nests. In most cases, larval fleas are not parasitic and develop entirely off-host in their burrow and/or nest. Flea species range from highly host specific to host opportunistic (Krasnov 2008) . The data from each survey were organized as presence/absence matrices. It is commonly accepted that presence/absence rather than abundance matrices are more appropriate for the analyses of host-parasite networks because of (a) the greater confidence they provide for scoring parasite occurrences as compared to parasite abundances (Gotelli and Rohde 2002) and (b) the aggregated character of parasite distributions (Poulin 2007) .
Modularity and Detection of Modules
In order to identify nonoverlapping sets of hosts and parasites (i.e., modules) we used a simulated annealing (SA) optimization approach Amaral 2005a, 2005b) for finding the maximization of a function called modularity Newman 2004; Newman and Girvan 2004) for each network. The equation for this function and its explanation are given elsewhere (e.g., Fortuna et al. 2010) . The algorithm (implemented with the software NETCARTO, kindly provided by R. Guimerà) follows a heuristic procedure for maximizing the number of links within-modules and minimizing the number of links between modules. Due to its heuristic nature, we ran the algorithm 10 times for each network and used the maximum M value obtained as the modularity of that network (Fortuna et al. 2010) . The SA algorithm is considered as one of the most accurate algorithms for module detection (see Danon et al. 2005; Dupont and Olesen 2009 and references therein) .
After estimating the value of modularity for a network, we tested whether this value departed significantly from random expectations. Null models intentionally exclude processes of interest and thus describe how the system would look like in the absence of these processes, allowing for randomization tests of ecological data (Gotelli 2000 ).
The significance of the level of modularity was estimated using the fixed null model (Gotelli 2000; see Fortuna et al. 2010 for the rationale of selecting this null model).
In this model, each random network has the same number of connections per species as the real network. Random networks (pmatrices) were constructed using an independent swap algorithm in which the original matrix is reshuffled by repeatedly swapping 2 # 2 submatrices that preserve the row and column totals (Roberts and Stone 1990 ). The null model implemented in our study maintained the bipartite structure of the networks by allowing connections between hosts and parasites and not allowing connections among hosts or among parasites. The independent swap algorithm has been used to evaluate the significance of modularity in earlier studies Amaral 2005a, 2005b; Olesen et al. 2007; Fortuna et al. 2010) . Each random matrix was constructed by performing 10,000 random transpositions and using the MATLAB function swap.m written by B. Semmens (http://www.mathworks.com/matlabcentral/ fileexchange/3205-swap-m). We constructed 500 random matrices for each real network and calculated the degree of modularity (M) for each of these matrices. We then calculated the statistical significance of the modularity of each observed network (p value) as the fraction of the 500 random matrices with a modularity value equal to or higher than the observed one. Further analyses were restricted only to those networks that were found to be significantly modular.
Within-and Among-Module Connectivity
In a modular ecological network, species interact mostly with other species within their own module but can also interact with a few species from other module(s). Topologically, therefore, a species, or node, can be characterized by (a) its standardized within-module degree z (which describes how a species is connected to other species in the same module) and (b) its participation coefficient P (which describes how a species is connected to species in other modules; Guimerà and Amaral 2005b) . Note that the participation coefficient is referred to as among-module connectivity c in Olesen et al. (2007) . The withinmodule degree of a species is calculated as the difference between the within-module number of links of this species and the mean within-module number of links of all species in this module divided by the latter's standard deviation (Guimerà and Amaral 2005b) . It indicates whether a spe-cies is more generalist (positive z values) or more specialist (negative z values) within the module than the other species in that module. The participation coefficient of a species is calculated as 1 minus the across-module sum of the squared quotients of that species' number of withinmodule links and that species' total number of links. It is therefore close to 1 if the links of a species are uniformly distributed among all the modules and 0 if all its links are within its own module. We calculated the participation coefficients for each species using NETCARTO (see above). Calculation of the within-module connectivity using NETCARTO does not take into account the bipartite nature of our networks. Consequently, we calculated the values of z for each host and parasite species using the mean within-module number of links and its standard deviation for either hosts only or parasites only. Obviously, if a module contains only one host or parasite species or all species in a module have equal number of links, the within-module degree cannot be calculated due to the standard deviation of the within-module across-species number of links having a value of 0. We assigned a z value of 0 to these species because they are characterized by neither more nor less within-module connectivity than the average in their module. The results did not change when we reran the analyses after removal of these species. Calculation of the participation coefficients does not differ between unipartite and bipartite networks.
In the repeatability analyses (Arneberg et al. 1997) , we analyzed the variation in z and P values for hosts and parasites separately by one-way ANOVAs in which species identity was the independent factor, using only species that occurred in at least two networks. A significant effect of species identity would indicate that within-and/or amongmodule connectivity is repeatable within species, that is, that z and/or P values for the same species from different geographic regions are more similar to each other than to values from other species. We estimated the proportion of the total variance originating from differences among species, as opposed to within species, following Sokal and Rohlf (1995) .
Phylogenetic Analyses
To test whether host or flea species within a given module were represented by either closely or distantly related species or else by random assemblages of species belonging to different phylogenetic lineages, we determined whether there was a significant correlation between the phylogenetic distance of each species pair and their degree of cooccurrence within modules (Cavender-Bares et al. 2004 ). The phylogenetic distance was taken as the sum of the lengths of all branches linking two species in a phylogenetic tree, while pairwise values of co-occurrence were calculated using Schoener's co-occurrence index (Schoener 1970) . The significance of correlation coefficients was estimated by comparison of the observed coefficient with the mean of correlation coefficients computed for 999 randomized null matrices that maintained species occurrence frequency and number of species in a module using the independent swap algorithm. Reanalyses of these data using null models that randomly reshuffle phylogeny tip labels provided the same results.
We also tested for a phylogenetic signal in values of z and P of hosts and parasites within each network as well as after combining data for all host or parasite species across networks (i.e., creating phylogenetic trees for all host or all parasite species from all networks which showed modularity) using Blomberg et al.'s (2003) K. In the latter analysis, values of z and P for species that occurred in more than one network were averaged across networks. The rationale behind combining data across networks is that (a) the connectivity of a host or a parasite species in a network is determined by the number of its connections, that is number of parasite species infesting a host or number of host species used by a parasite, and (b) each of these numbers has been shown to be a true attribute of a host or a parasite species and vary only within relatively narrow species-specific boundaries (Krasnov et al. 2004 . Importantly, this was shown for roughly the same species of hosts and parasites that were used in this study. Blomberg et al.'s (2003) K assumes a Brownian motion model of evolutionary process. Under this model, the evolutionary changes along branches are expected to have zero values. Their distribution is normal with a variance proportional to branch length (Felsenstein 1985) . The K term is calculated as the quotient of observed and expected mean square error (MSE) ratios. The observed ratio is the MSE of the tip data, measured from the phylogenetically correct means, divided by the MSE of the data calculated using the variance-covariance matrix derived from the tree. The expected ratio is computed from the phylogenetic tree and Brownian motion as a model for the evolutionary process. In other words, K compares the observed phylogenetic signal in a trait to the signal under a Brownian motion model of trait evolution on a phylogeny (Blomberg et al. 2003) . The higher the K statistic, the stronger the phylogenetic signal in a trait. The K term has a value of 1 for any trait in which Brownian motion is the true evolutionary model, which implies some degree of phylogenetic signal or conservatism. The K values that do not differ significantly from 0 indicate no effect of phylogeny, whereas K values greater than 1 indicate a strong phylogenetic signal and conservatism of traits. The statistical significance of the phylogenetic signal was evaluated by comparing observed patterns of the variance of independent contrasts of the trait to a null model involving shuf- Note: Significance of modularity was tested against that of fixed null models. Significance of correlation between co-occurrence of host and parasite species in the same module and the phylogenetic distance among them was tested with respect to randomizations. Significance of Blomberg et al.'s (2003) K was determined using the quantiles of the observed phylogenetically independent contrast variance versus the null distribution, which are used to test for greater phylogenetic signal than expected (Kembel et al. 2010 fling species across the tips of the phylogenetic tree using 999 permutations (Kembel et al. 2010 ).
In addition, we analyzed the phylogenetic signal in z and P values together both within and across networks while substituting the original values of z and P with the scores calculated from principal component analyses of these two variables (composite variable F1). The resulting composite variables explained from 51.5% to 90.1% (on average, 72.7%) of the variance for hosts and from 54.6% to 92.6% (on average, 72.5%) of the variance for parasites; their eigenvalues were 1.03-1.81 and 1.09-1.85, respectively. Correlations between the original values of z and P and values of the composite variable for hosts ranged from 0.71 and 0.95, while those for parasites ranged from 0.74 and 0.96. In all networks, correlations were positive except for correlations between values of z and the composite variable in two networks for hosts (AK and EP) and two networks for parasites (KH and UV).
Phylogenetic analyses were carried out using the package "picante" (Kembel et al. 2010) and Whiting et al. (2008) for fleas with modifications explained in details in Krasnov et al. (2011a Krasnov et al. ( , 2011b .
Results
Modularity and Modules
Twenty-four of 27 networks were found to be significantly modular (table 1). In each of these networks, we detected from 3 to 10 modules that were composed of 1 to 9 host and 1 to 14 flea species.
The co-occurrence of species in the same modules correlated significantly with the phylogenetic distances among them in 16 of 24 networks for hosts and only 3 of 24 networks for fleas (table 1) . Whenever the correlation between co-occurrence and phylogenetic distance was found significant, it was always negative and never positive, suggesting that closely related species co-occurred in the same module more often than expected by chance. An illustrative example with hosts from the eastern Balkhash desert (EB network) is presented in figure 1 .
Within-and Among-Module Connectivity of Hosts and Parasites
Within networks, the within-module degree (z) of host species ranged from Ϫ2.02 to 2.37, while that of parasite species ranged from Ϫ2.80 to 2.27. Values for the participation coefficient (P) ranged from 0 to 0.78 in host species and from 0 to 0.80 in parasite species. figure 2 .
Seventy-two of 121 host and 125 of 209 flea species from 24 modular networks occurred in more than one network (2-20 and 2-18 networks per species, respectively). The repeatability analysis for these species demonstrated that within-and among-module connectivity were repeatable within the same species (table 2). The significant species effect suggests that z and P values of the same species from different regions are more similar to each other than expected by chance and vary significantly among species. However, the percentage of the variation among samples accounted for by differences among species, as opposed to within taxa, was not especially high (table 2) . This suggests the existence of substantial geographic variation in connectivity within species.
Discussion
The vast majority of host-parasite networks considered here are significantly modular. This is not especially surprising because many antagonistic (including host-parasite) networks have previously been reported as modular (e.g., Prado and Lewinsohn 2004; Fortuna et al. 2010) . Moreover, higher modularity in antagonistic as compared to mutualistic networks has recently been proved (Thebault and Fontaine 2010; Fontaine et al. 2011 ). However, beyond reemphasizing the modularity of host-parasite networks, this study uncovered three novel patterns. First, in many host-parasite networks, closely related hosts tended to cluster in the same modules, while the distribution of parasite lineages among modules did not differ from random. Second, the within-and among-module connectivity of either host or parasite species may differ in different networks, that is, it may vary geographically. Third, the among-module but not within-module connectivity of host and parasite species appeared to be to some extent phylogenetically constrained.
Modules Contain Phylogenetically Clustered Hosts but Not Parasites
Phylogenetic clustering in module composition has been detected in ecological networks. For example, nonrandom associations between plants and insects in plant-pollinator networks suggest that these assemblages exert reciprocal selection on each other (Dupont and Olesen 2007; Olesen et al. 2007 ). Also, module composition in frugivorous batsfruit plants networks follows genus-genus associations (Mello et al. 2011) . Finally, phylogenetic signals associated with compartments have been reported in food webs (Rezende et al. 2009 ) and mutualistic networks (Donatti et al. 2011) . In a modular host-parasite network, hosts from the same module are exploited by roughly the same parasite assemblage. One reason for this pattern may be the similarity of these hosts as resources for parasites. In other words, hosts from the same module should be similar in (a) the nature (e.g., chemical composition) or (b) the availability of the resources for parasites, and/or (c) their antiparasitic defenses. In the host-parasite networks studied here, hosts provide two main resources for parasites: blood as nutrition for adult fleas and a burrow/nest environment for the development of eggs, larvae, and pupae. Obviously, parasites exploit only hosts with (a) blood that satisfies their requirements and that can be easily extracted, (b) behavioral and immunological defenses that can be overcome, and (c) a burrow suitable for the development of preimago. Host species differ in these preconditions (see review in Krasnov 2008) , while parasites differ in their abilities to exploit hosts that differ in these key properties. Consequently, parasites with similar requirements are expected to exploit hosts that are similar with respect to those traits. In general, phylogenetic relatedness predicts overall life-history and ecological similarity among species (Brooks and McLennan 1991; Silvertown et al. 1997) . Therefore, closely related host species should be more similar in all relevant characters than phylogenetically distant hosts (e.g., Galbe and Oliver 1992; Mooring et al. 2004) . As a result, closely related hosts may have roughly the same set of parasites and, thus, comprise a substantial portion of the species in a module. However, correlations between host phylogenetic distance and their co-occurrence in modules were relatively weak, suggesting that modules do not comprise only closely related hosts. This can be reconciled with (a) the limiting similarity of some of closely related hosts (Tilman 1982; Abrams 1983; Silvertown 2004) and (b) the fact that parasites can exploit distantly related hosts due to host switching, ecological fitting or coevolutionary alternation (see below).
In sharp contrast, the distribution of parasite phylogenetic lineages among modules did not differ from random expectations. Several non-mutually exclusive processes may explain this host-parasite asymmetry. First, the history of many parasites is characterized by frequent switching between related and unrelated host lineages (Krasnov and Shenbrot 2002; Zietara and Lumme 2002; Johnson et al. 2011) . Second, this can be the outcome of ecological fitting, which occurs when (a) distantly related parasites specialize on a resource that is widespread among many host species (i.e., blood) and (b) a parasite mainly tracks this resource rather than a host lineage per se (Janzen 1985; Brooks et al. 2006) . Hence, the similarity in parasite assemblages between host species can be deter- (Tella et all. 2002; Poulin 2007) . In addition to these three processes, similar traits related to resource acquisition evolve independently in parasites from different lineages that exploit the same hosts (Poulin 2007; Pérez-Losada et al. 2009 ). For example, one of the most prominent adaptations to parasitism in fleas consists of sclerotinized structures such as helmets, ctenidia, spines, and setae that anchor the flea within host hair to resist grooming. These features correlate with particular characteristics of the host's hair and have been suggested to evolve convergently in different flea lineages (Traub 1985; Medvedev 2005) .
Host and Parasite Connectivity in a Network: Phylogenetic and Geographic Patterns
Within-module connectivity values indicated that some host and parasite species were more generalist within their modules than the average (positive z values), while others were more specialist than the average (negative z values).
Among-module connectivity values demonstrated that some hosts were infected by parasites from other modules (P values close to 1), while others were infected only by parasites from their module (P values equal or close to 0). Similarly, some parasites exploited hosts from both their own and other modules, whereas other parasites attacked host from their own module only. Within a host-parasite network, species were characterized by any combination of within-and among-module connectivity. For example, some species have few links inside their own module and even fewer to other modules. Among hosts, these species harbor species-poor parasite assemblages represented mainly by host-specific parasites.
Among parasites, these species are highly host specific. Given a tendency for host phylogenetic clustering in the modules, the host spectrum of such parasites is limited to few host phylogenetic lineages. The parasite assemblages harbored by a host, when species poor, comprised parasites recorded on a variety of other hosts. Furthermore, a parasite might be host specific in terms of the size of its host spectrum but not in terms of its hosts' phylogenetic diversity. Finally, a species can be a generalist in relation to the number of both within-and among-module links. Such hosts harbor large and diverse parasite assemblages, while such parasites exploit unrelated host species.
The connectivity of a host in a bipartite network corresponds to the number of parasites that exploit it. This number is a true host species attribute, possibly because species-specific thresholds of host defense against parasites limit their ability to cope with multiple parasites . The phylogenetic signal found for amongmodule connectivity of hosts in some networks and across all species supports this. However, (a) no phylogenetic signal in within-module connectivity was found, (b) a phylogenetic signal in among-module connectivity was found in less than a half the networks, (c) it was found mainly on continental scales; and (d) the percentage of variation in among-module connectivity among host samples associated with differences between host species was rather low. This suggests that, despite some phylogenetic dependence in among-module connectivity, the latter can also be strongly affected by local conditions. Indeed, investigations of various host-parasite associations show that the diversity of parasite assemblages in the same host is affected by local factors such as the availability of phylogenetically related host species and climatic conditions (Fellis and Esch 2005; Goater et al. 2005; Krasnov et al. 2005) .
Similarly, the among-module connectivity of parasites in a network is determined by both the size and phylogenetic diversity of their host spectrum. Both these measures of host specificity are true attributes of a parasite species, although they vary spatially due to local factors (Krasnov et al. 2004 Korallo-Vinarskaya et al. 2009) . A relationship between specificity and local ecological fac-tors has been reported for different victim-exploiter associations (Smiley 1978; Funk and Bernays 2001) and is sometimes seen as the main determinant of host specialization (Smiley 1978 ). Geographic variation in the level of specialization has also been found for mutualistic associations (Olesen and Jordano 2002) . In addition, a phylogenetic signal for host specificity among fleas has been found at a continental but not local scale (Krasnov et al. 2011b) . Geographic variation in host specificity and the scale dependence of the phylogenetic signal in this trait might explain why we only detected phylogenetic influences on among-module connectivity in parasites in very few networks.
In addition, the reason behind the lack of a phylogenetic signal in within-module connectivity is, at least for hosts, a strong phylogenetic signal in the modular structure and the scattered distribution of species with high z values among modules. Therefore, if there are only few species with high z values in each module, they should be phylogenetically separated. Overall, the implications of phylogenetic signals for network structure are important. For instance, with a strong phylogenetic signal in among-module connectivity, the extinction of certain evolutionary lineages with high among-module connectivity would fragment a network into isolated modules. If, however, the phylogenetic signal in within-module connectivity is strong, then the same perturbation would lead to fragmentation of modules (Donatti et al. 2011 ).
Conclusions
Our results suggest that modular composition and species connectivity in host-parasite networks represent an asymmetric interplay between phylogenetic constraints and local conditions. The among-module connectivity of host and parasite species in a network is both phylogenetically constrained and affected to a certain extent by local factors. The modular structure of host-parasite networks is influenced by host phylogeny but not by parasite phylogeny. This is despite the much closer phylogenetic relatedness among parasites (all in order Siphonaptera) than among hosts (several unrelated mammalian orders) in our networks, thus stressing the robustness of the host-parasite asymmetry. The significant co-occurrence of phylogenetically related hosts but not parasites in the same modules suggests that modularity in host-parasite networks is generated by the shared evolutionary history of hosts and by trait convergence in unrelated parasite species. Similarly, Fonseca and Ganade (1996) found that phylogenetically related myrmecophytes were exploited by the same ant species belonging to different taxa, suggesting that host identity is an important force structuring plant-ant networks. Furthermore, the phylogenetic randomness in the parasite composition of modules implies that it is driven mainly by abundance or dispersal within a region, whereas the phylogenetic signal in the host composition of modules suggests that modules follow deterministic associations underpinned by phylogeny. These patterns suggest profound differences between hosts and parasites in the establishment and functioning of bipartite antagonistic networks. The more predictable host component of network architecture may be particularly useful to forecast the consequences of global change and species range shifts on the spread of vector-borne diseases.
